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Abstrat
We ompute ontributions to the parity-violating (PV) inelasti eletron-deuteron sattering
asymmetry arising from hadroni PV. While hadroni PV eets an be relatively important in PV
threshold eletro- disintegration, we nd that they are highly suppressed at quasielasti kinematis.
The interpretation of the PV quasielasti asymmetry is, thus, largely unaeted by hadroni PV.
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I. INTRODUCTION
Parity-violating (PV) inelasti eletron-nuleus sattering is an important tool in the
study of hadron struture [1℄. In ombination with PV elasti eletron-proton (e-p) satter-
ing, measurements of the PV quasielasti (QE) eletron-deuteron (e-d) asymmetry allow a
separate determination of the strangeness magneti form fator, G
(s)
M (Q
2), and the isovetor
axial vetor form fator, G
(e) (T=1)
A (Q
2). Knowledge of G
(s)
M (Q
2) provides a window on the
role played by sea-quarks in the eletromagneti struture of the nuleon. The axial vetor
form fator, in ontrast, is sensitive to nuleon struture eets in higher-order, eletroweak
radiative orretions. These orretions, whih depend on the speies of lepton probe (hene,
the e supersript), share features with orretions relevant to other preision eletroweak
measurements, suh as the PV asymmetry in polarized neutron β-deay. The proper inter-
pretation of suh measurements relies on an adequate understanding of eletroweak radiative
orretions [2℄.
Reently, the SAMPLE ollaboration has performed a separate determination of G
(s)
M
and G
(e) (T=1)
A at Q
2 = 0.1 (GeV/c)2 using PV e-p and PV QE e-d sattering [3, 4, 5℄.
The results indiate a value for G
(e) (T=1)
A onsistent with zero. At tree-level, one expets
G
(e) (T=1)
A (Q
2 = 0) = −1.267, while radiative orretions redue the magnitude by roughly
40±20% [6, 7℄. These orretions inlude potentially signiant hadroni ontributions that
are responsible for the estimated theoretial unertainty. To make the measured value of
G
(e) (T=1)
A lose to zero would require additional eets not inluded in the alulation of
Refs. [6, 7℄.
One possibility, whih we explore in this paper, is the ontribution from the PV nuleon-
nuleon (NN) interation. The latter indues small admixtures of opposite parity states into
the deuteron as well as the sattered np partial waves. These parity admixtures ontribute
to the PV asymmetry when a γ is exhanged between the eletron and target1. Moreover,
in ontrast to the eet of Z0 exhange, these hadroni PV eets in γ-exhange give rise to
a term in the asymmetry whih does not vanish at Q2 = 0. For suiently small Q2, this
term would dominate the asymmetry. One might ask, then, whether the omission of this
term in the interpretation of the SAMPLE deuterium measurement is responsible for the
1
Current onservation also implies the presene of PV eletromagneti two-body urrent ontributions, as
we disuss below.
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apparent, anomalously large radiative orretions entering G
(e) (T=1)
A .
Below, we show that the magnitude of this Q2-independent hadroni PV ontribution is
too small to aount for the observed G
(e) (T=1)
A eet. Based on simple saling arguments, the
relative importane of the Q2-independent ontribution  ompared to the anonial Z0-
exhange indued asymmetry  goes as ∼ 10−4m2
N
/Q2. Thus, at the SAMPLE kinematis,
Q2 = 0.1 (GeV/c)2, we expet the hadroni PV ontribution to generate at most a few parts
in a thousand orretion to the asymmetry  far short of what would be needed to lose the
gap between the theoretial and experimental values for G
(e) (T=1)
A .
We also arry out an expliit alulation of the hadroni PV ontribution and verify
the expetations based on these saling arguments. Our omputation follows on the work
of Refs. [8, 9℄, in whih the hadroni PV ontribution to PV threshold deuteron eletro-
disintegration was studied, and the alulation of Ref. [10℄, whih treated PV QE e-d
sattering. In the latter analysis, only parity-mixing in the deuteron wave funtion was
onsidered. In the present study, we also inlude the ontributions from parity mixing
in the nal e-d sattering states as well as from PV two-body urrents. Our results are
onsistent with both of these earlier alulations, but give a more omplete treatment of the
QE ase.
The remainder of the paper is organized as follows. In Setion II, we review the for-
malism for PV QE sattering and hadroni PV, identify the relevant operators and matrix
elements to be omputed, and present the saling arguments for the relative magnitude for
the hadroni PV ontribution. Setion III gives a disussion of the bound and sattering
state wave funtions, whih we determine rst in the plane wave approximation and subse-
quently using the Argonne V18 potential. We present the results of our alulation in Setion
IV, where we onsider two ases: threshold eletro-disintegration and QE sattering. Figs.
7, 8, 12, and 13, whih show various ontributions to the PV asymmetries as a funtion of
Q2, summarize the main results of this work. A summary disussion appears in Setion V.
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II. PV ELECTRON SCATTERING AND HADRONIC PV
A. Basi Formalism
The PV asymmetry for inlusive e-d sattering of an unpolarized target an be expressed
in terms of two response funtions: W EM , the parity-onserving (PC) eletromagneti (EM)
response, and W PV , the PV response arising from the interferene of EM and PV neu-
tral urrent amplitudes. One may deompose the former in terms of the longitudinal and
transverse response funtions
W EM =
∑
f
[
vLF
2
L(q) + vTF
2
T (q)
] ∣∣∣
ω=Ef−Ei
, (1)
F 2L(q) =
∑
J≥0
F 2CJ(q) , (2)
F 2T (q) =
∑
J≥1
[
F 2EJ(q) + F
2
MJ(q)
]
, (3)
where vL,T are the standard kinemati oeients (will be dened later), q
µ ≡ (ω, ~q) is
the four momentum transfered into the nulear system (Ei and Ef are its initial and nal
energy). The FXJ (q), X = C,E,M , are the harge, transverse eletri, and transverse mag-
neti multipole matrix elements depending on q = |~q|. They are dened through multipole
operators, OˆC = Mˆ , OˆE = Tˆ el, and OˆM = iTˆmag [1, 11, 12℄, as2
FXJ (q) =
1√
2Ji + 1
∑
T=0,1
(−1)Tf−MT

 Tf T Ti
−MTf 0 MTi

 〈Jf , Tf ......OˆXJ,T (q)......Ji, Ti〉 , (4)
where the
.
.
.
.
.
. denotes redued matrix elements in both angular momentum and isospin [1℄. In
the spherial basis, while a olletive quantum label a refers to (Ea, La, Sa, Ja,MJa , Ta,MTa),
the sum
∑
f runs over all indexes exept Ef and MJf beause they have been arried out to
get Eq. (1).
2
The extra i for Tˆmag is introdued so that when real wave funtions are used, the form fator FM is
real.
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For the PV response, one has
W PV (Z) =
∑
f
[
vLW
L
AV (q) + vTW
T
AV (q) + vT ′W
T ′
V A(q)
] ∣∣∣
ω=Ef−Ei
, (5)
WLAV (q) = −geA
∑
J≥0
FCJ(q)F˜CJ(q) , (6)
W TAV (q) = −geA
∑
J≥1
[
FEJ(q)F˜EJ(q) + FMJ(q)F˜MJ(q)
]
, (7)
W T
′
V A(q) = −geV
∑
J≥1
[
FEJ(q)F˜MJ5(q) + FMJ(q)F˜EJ5(q)
]
, (8)
where the F˜X(5) refer to weak, neutral urrent multipole matrix elements and the 5 subsript
indiates multipole projetions of the axial vetor urrent. The F˜X(5) are dened in a similar
fashion as Eq. (4)  up to dierent oupling onstants, however, for the axial form fators,
it is Mˆ 5 and Tˆ el5 whih have additional fators of i while Tˆmag5 is without one [1℄3. The
kinemati oeients, vL, vT , and vT ′ are
vL = (Q
2/q2)2 , (9)
vT = (Q
2/q2)2/2 + tan2(θ/2) , (10)
vT ′ =
√
(Q2/q2)2 + tan2(θ/2) tan(θ/2) , (11)
where Q2 = q2 − ω2, θ is the sattering angle of eletron.
The PV response funtions W T,LAV arise from eletron axial vetor (A) × hadroni vetor
urrent (V ) interations, while W T
′
V A is generated by the V (e) × A(had.) interation. At
tree-level in the Standard Model (SM), the eletron vetor oupling to the Z0 is suppressed:
ge
V
= −1 + 4 sin2 θW ≈ −0.1 (the axial vetor oupling is geA = 1).
In terms of these response funtions, the PV QE asymmetry due to Z0- exhanges is
A
(Z)
LR =
GµQ
2
4
√
2πα
W PV (Z)
W EM
. (12)
For quasielasti kinematis, ω and q are related, viz, ω ≈ q2/2mN .
B. Hadroni PV Eets
Hadroni PV eets in the target generate O(α) orretions to the tree-level ontributions
for W T
′
V A. These hadroni PV eets arise when a photon, rather than a Z
0
, is exhanged
3
In Ref. [1℄, F˜XJ and F˜XJ5 are dened with an extra 1/2 and −1/2 fator. It is found that the minus sign
in Ref. [1℄ is a typographial error. The 1/2 fator is absorbed here in the overall sale A0
LR
.
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Figure 1: Contributions due to hadroni PV in elasti e-N sattering, where ⊗ denotes the PV
meson-nuleon oupling.
between the eletron and hadron. Beause the vetor γee oupling Qe = −1 is an order of
magnitude larger than ge
V
, one expets the relative importane of the hadroni PV eets 
ompared to the tree-level amplitude  to be of order
RA ∼ −8
√
2πα
GµΛ2χ
1
1− 4 sin2 θW
gpi
gA
≈ −0.01 , (13)
where gpi = 3.8 × 10−8 sets the sale for hadroni PV interations, Λχ = 4πFpi ≈ 1 GeV
gives the sale of hiral symmetry breaking, and gA = 1.267 ± 0.004. In the ase of elasti
e-N sattering, hadroni PV arises via diagrams of the type in Fig. 1. These orretions
indue a PV γNN oupling, or anapole moment. The latter has been used in the one-body
estimate of RA given in Refs. [6, 7℄. Those analyses indiate hadroni PV-indued anapole
orretions of −6± 20%.
Two-body hadroni PV ontributions arise from the diagrams in Fig. 2. Figs. 2(a)
and (b) indiate parity-mixing in the initial and nal state wave funtions, while Fig. 2()
indiates the PV two-body EM urrent ontribution. Eah ontributes to an eetive axial
vetor EM transition amplitude, whose eets appear as orretions to the F˜XJ5(q)multipole
matrix elements.
In omputing the parity-mixing matrix elements, we use the model PV Hamiltonian given
in Ref. [13℄:
6
γN N
NN
(a)
M
N
NN
N
γ
(b)
M
γ
N
N
(c.1)
N
N
N
M
NN
(c.2)
γ
NN
M M’
Figure 2: Contributions due to two-body hadroni PV in e-d sattering. Here, M and M' denote
the identities of mesons.
7
HPV (~r) =
gpiNNh
1
pi
4
√
2mN
(i~τ1 × ~τ2)z(~σ1 + ~σ2) · ~upi(~r)−
− gρNN
2mN
(
h0ρ~τ1 · ~τ22 +
h1ρ
2
(~τ1 + ~τ2)z +
h2ρ
2
√
6
(3τ1zτ2z − ~τ1 · ~τ2)
)
× [(1 + µv)i~σ1 × ~σ2 · ~uρ(~r) + (~σ1 − ~σ2) · ~vρ(~r)]
− gωNN
2mN
(
h0ω +
h1ω
2
(~τ1 + ~τ2)z
)
× [(1 + µs)i~σ1 × ~σ2] · ~uω(~r) + (~σ1 − ~σ2) · ~vω(~r)] +
− 1
4mN
(~τ1 − ~τ2)z(~σ1 + ~σ2) · (gωNNh1ω~vω(~r)− gρNNh1ρ~vρ(~r))
− gρNN
4mN
h1
′
ρ (i~τ1 × ~τ2)z(~σ1 + ~σ2) · ~uρ(~r) , (14)
where the h
(X)
M and gMNN are the weak, PV and strong, PC meson-nuleon ouplings,
respetively; and ~uα(~r) = [~p1 − ~p2, e−mαr/r], ~vα(~r) = {~p1 − ~p2, e−mαr/r}. Values for the
h
(X)
M have been predited theoretially using a variety of approahes. For purposes of our
alulation, we will adopt the so-alled DDH best values and reasonable ranges" of Ref.
[13℄. The latter are onsistent with onstraints obtained from a variety of hadroni and
nulear PV experiments, as disussed in Refs. [14, 15℄.
Current onservation requires that one inlude ontributions from PV two-body urrents
to the PV multipole matrix elements. These urrents have been derived in Ref. [16, 17℄ from
the diagrams in Fig. 2(). Complete expressions for the oordinate spae urrent operators
ould be found in Ref. [17℄. To illustrate the struture of these operators, however, we
give the omplete two-body urrent operator assoiated with the π±-exhange omponent
of HPV :
Jµ(~y, ~x1, ~x2)
PV ,pi =
−egpiNNh1pi
8
√
2πmN
(~τ1 · ~τ2 − τ1zτ2z)
(
~σ1δ
(3)(~y − ~x1) + ~σ2δ(3)(~y − ~x2)
−1
2
(~σ1 · ~∇1 − ~σ2 · ~∇2)(~x+ 1
2
x
mpi
~∇y)(δ(3)(~y − ~x1) + δ(3)(~y − ~x2))
)
×e
−mpix
x
µ = 1, 2, 3
≈ O(v/c)2 µ = 0 , (15)
where ~xi denotes the position of the i-th nuleon and x = |~x| = |~x1 − ~x2|. Inlusion of
these PV two-body urrents guarantees that the the ontinuity equation,
~∇ · ~J = i[Hˆ, ρ], is
satised at the operator level of the PV NN interation.
8
Current onservation may also be implemented in writing down the various multipole
operators. Sine nulear model alulations based on realisti potentials generally break
urrent onservation, it is useful to implement the latter via the form of the multipole
operator. A well-known example is Siegert's theorem [18℄, whih allows one to rewrite the
J = 1 transverse eletri multipole operator, Tˆ elJ=1, in terms of the eletri dipole operator
(the J = 1 harge multiple) in the long wavelength limit. An extended version of this
theorem [19℄ allows one to implement the onstraints of urrent onservation for transverse
eletri operators of arbitrary J and momentum transfer. In general, one has [20℄
Tˆ elJ (q) = Sˆ
el
J (q) + Rˆ
el
J (q) . (16)
For J = 1, one has
Sˆel1 (q) =
√
2
3
∫
d3x [ρ(~x) ~x, Hˆ] , (17)
Rˆel1 (q) = −
q2
9
∫
d3x ~Y MJ111 (Ωx) · ~x×~j.(~x) , (18)
where
~Y MJJL1 is the vetor spherial harmoni.
Note that in the long wavelength limit, Sˆel1 (q) gives the leading ontribution to FE1, F˜E1,
and F˜E15 . For elasti eletron sattering, hermitiity and time-reversal invariane require
that FE1 and F˜E1 must vanish. Moreover, ontributions from Sˆ
el5
1 (q) also vanish for elasti
sattering, sine the ommutator in Eq. (17) leads to a fator of ω = Ef − Ei = 0. A non-
vanishing ontribution arises from Rˆel51 (q), whose matrix element onstitutes the nulear
anapole moment ontribution. The latter is proportional to Q2 whih anels the 1/Q2 from
the photon propagator to produe a Q2-independent sattering amplitude at lowest order.
This ontribution is kinematially indistinguishable from the Z0-exhange ontribution to
F˜E15 and, thus, represents a simple multipliative orretion to the tree-level axial vetor
response.
For the inelasti transition of interest here, matrix elements of Sˆel51 (q) do not vanish, nor
do they ontain a power of Q2 to anel the 1/Q2 from the photon propagator (q2 ≈ Q2
at low energies). The sattering amplitude assoiated with this operator goes as 1/Q2 at
low-Q2. When multiplied by the fator of Q2 in Eq. (12), this term thus generates a Q2-
independent, non-vanishing ontribution to ALR at low-Q
2
, in ontrast to the Z0-exhange
asymmetry whih vanishes at Q2 = 0. For suiently low-Q2, the Q2-independent hadroni
9
PV EM ontribution will dominate the asymmetry. As we show below, suh a kinemati
region may be reahed in priniple with threshold PV eletro-disintegration. For PV QE
sattering at the kinematis of Ref. [5℄, however, the eets of hadroni PV appear to be
negligible.
At the kinematis of QE eletron sattering, a tower of nal state partial waves ontribute
to the amplitude, and one must inlude the eets of J > 1 multipole matrix elements
(both transverse eletri and transverse magneti). This situation ontrasts with threshold
disintegration, where only the lowest J partial waves may be reahed. As we show in Setion
IV, the multipole ontributions to the PV QE asymmetry (due to hadroni PV) saturate
for J ∼ 7. All multipole matrix elements having J > 1 arry fators of Q2, so that they do
not ontribute to the Q2-independent term in the PV asymmetry. Nevertheless, the sum of
their eets represents a tiny orretion to the Z0-exhange asymmetry.
It is useful to illustrate how PV NN eets ontribute to the various multipole matrix
elements entering the axial response, W T
′
V A. Consider, for example, a transition from the
deuteron ground state to the
1S0 ontinuum state. In the absene of the tensor fore om-
ponent of the strong NN interation, the deuteron ground state is pure 3S1. The PV NN
interation will mix P -states into these S-waves. In ordinary perturbation theory, one has
|3S1〉 → |3S1〉+ |3˜S1〉 , (19)
|1S0〉 → |1S0〉+ |1˜S0〉 , (20)
where the parity mixtures (denoted with a tilde ~) are
|3˜S1〉 =
∑
k=1,3
|kP1〉〈
kP1|HPV |1S0〉
E0 − Ek , (21)
|1˜S0〉 = |3P0〉〈
3P0|HPV |1S0〉
E ′0 − E ′1
. (22)
For this Ji = 1 to Jf = 0 transition, only J = 1 multipole operators ontribute. For the
PC γ-exhange ontribution, one has only the magneti dipole transition between the un-
mixed
3S1 and
1S0 initial and nal state omponents, resulting in a non-zero FM1 form fator.
For the PV Z0-exhange amplitude, only the operator Tˆ el51 (q) ontributes, onneting the
un-mixed
3S1 and
1S0 omponents and leading to a non-zero F˜E15 . The PV NN interation
also ontributes to the latter in three ways: (a) a non-vanishing matrix element of Tˆ el1 (q)
10
between the initial state |3S1〉 and the nal state |3P0〉 parity admixture, (b) non-vanishing
matrix elements of Tˆ el1 (q) between the |1,3P1〉 mixture in the initial state and the nal state
|1S0〉; () matrix elements of the PV two-body urrent operator Tˆ el51 (q) between the |3S1〉
and |1S0〉 omponents. All other ontributions are higher-order in the weak interation and
an be negleted. The analysis is similar when the D-state omponents of the deuteron and
sattering state indued by the tensor fore are inluded, as is the analysis for transitions to
higher partial waves.
Beause the hadroni PV ontributes to the asymmetry by induing axial photoni ou-
plings, to inorporate these in the expression of Eq. (12), one only has to modify axial form
fators F˜XJ5 by
F˜XJ5 → F˜XJ5 + β F˜ (γ)XJ5 , (23)
where
β = −8
√
2πα
GµQ2
Qe
ge
V
. (24)
The EM axial form fators may be deomposed as
F˜
(γ)
XJ5
=
1√
2Ji + 1
∑
T=0,1
(−1)Tf−MT

 Tf T Ti
−MTf 0 MT i


×
{
〈Jf , Tf ......OˆXJ,T (q)
.
.
.
.
.
.J˜i, Ti〉+ 〈J˜f , Tf ......OˆXJ,T (q)
.
.
.
.
.
.Ji, Ti〉+ 〈Jf , Tf ......OˆX5J,T (q)
.
.
.
.
.
.Ji, Ti〉
}
,(25)
where |J˜i, Ti〉, 〈J˜f , Tf |, and OˆX5J,T (q) (the two-body PV EM operators) represent the eets
aused by hadroni PV. One may then express the asymmetry due to hadroni PV (through
the radiative orretions) as
A
(γ)
LR = 2
W PV (γ)
W EM
, (26)
where
W PV (γ) = vT ′
∑
f
∑
J≥1
[
FEJ(q)F˜
(γ)
MJ5
(q) + FMJ(q)F˜
(γ)
EJ5
(q)
] ∣∣∣∣
ω=Ef−Ei
. (27)
A simple saling argument allows us to estimate the relative impat of the two-body
hadroni PV ontribution. For bakward-angle sattering as studied in the SAMPLE exper-
iments, vT ′ ≈ vT ≫ vL, so the ratio of asymmetry due to hadroni PV, Eq. (26), and Z0,
Eq. (12) is
A
(γ)
LR
A
(Z)
LR
≈ 8
√
2πα
GµQ2
W PV (γ)
W PV (Z)
≈ 8
√
2πα
GµQ2
〈~jγPV 〉
〈~jZ〉 , (28)
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While 〈~jZ〉 at bakward angles is dominated by the magneti NC omponent and sales as
〈~σ〉, 〈~jγPV 〉 sales as 〈~σ〉 times an additional fator introdued by hadroni PV. Using Eq.
(15) for a guidane, this fator is roughly
gpiNNh
1
pi
8
√
2π
〈
e−mpix
mNx
〉
. (29)
With gpiNN ∼= 13.45, and hpi ∼ 4.5× 10−7, the saling rule is
A
(γ)
LR
ALR
∼ m
2
N
Q2
〈
e−mpix
mNx
〉
× 10−3 , (30)
where we have also inluded the NC magneti form fator G˜M(Q
2) in the denominator. For
small Q2, one has G˜M ≈ µV = 4.70. Taking x ∼ 1 fm, 〈e−mpix/(mNx)〉 ∼ 0.1, therefore at
Q2 ∼ 0.1 (GeV/c)2, we have A(γ)LR/A(Z)LR in the order of a few 0.1%.
III. TWO-BODY WAVE FUNCTIONS
In order to ompute PV matrix elements in Eq. (25), we need two-body wave funtions.
The latter are solutions of the Shrödinger equation
(H0 +HPV )|ψ + ψ˜〉 = E|ψ + ψ˜〉 . (31)
Sine HPV is muh smaller than H0, rst-order perturbation should work well in this proess.
That is, Eq.(31) an be solved in two steps: rst, the PC part |ψ〉 is determined by solving
(E −H0)|ψ〉 = 0 , (32)
and seond, the PV admixture |ψ˜〉 is determined from
(E −H0)|ψ˜〉 = HPV |ψ〉 , (33)
with |ψ〉 obtained in the rst step. In what follows, we explore two dierent approahes,
one using the plane wave approximation  whih ignores the nal state strong interation
(FSI)  and one using a potential model alulation, whih inludes the FSI.
A. Plane Wave Approximation
Although the plane wave approximation is naïve and simple, we employ it as a toy-model
alulation to ahieve some initial insights. In addition, the omputation of Ref. [10℄ em-
ployed a plane wave Green's funtion to ompute the PV admixture in the deuteron, though
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un-mixed deuteron wavefuntion was obtained using the Bonn potential. By omparing the
plane wave omputation with the potential model solution (see below), we hope to obtain a
sense of the errors introdued by the plane wave approximation.
In this approah, all the radial omponents of sattering partial waves are spherial Bessel
funtion, jL(pr), where L is the relative orbital angular momentum and p is the relative
momentum.
The parity admixture, in rst-order perturbation expansion, is expressed as
|ψ˜〉 =
∑
φ
|φ〉 1
Eψ −Eφ 〈φ|HPV |ψ〉 , (34)
where |φ〉 forms a omplete eigenbasis. This ould be omputed if one knows the Green's
funtion
G(~x, ~y) =
∑
φ
〈~x|φ〉〈φ|~y〉
Eψ −Eφ . (35)
In the plane wave basis, losed-form Green's funtions exist for both alulations of deuteron
and nal state mixing.
For the deuteron mixing, the transition involves a bound state (binding energy EB < 0)
to ontinuum state transition, therefore, EB − Eφ < 0. The Green's funtion is
G(D)(~x, ~y) =
∑
L,S,J,MJ ,T,MT
δLST
(
−2
π
γmN
)
× iL(γr<)kL(γr>)Y†MJJLS (Ωx)YMJJLS(Ωy)χ†MTT χMTT , (36)
where γ =
√
mN |EB|; iL(γr) and kL(γr) are the modied spherial Bessel funtions of the
rst and third kind; r< (r>) refers to the smaller (larger) radial oordinate of x and y; Y
and χ denote the spin-angular and isospin wave funtions. The fator δLST , whih is 1 if
L+ S + T is an odd number and 0 otherwise, enfores the generalized Pauli priniple.
For the nal state mixing, beause of the pole at Eψ = Eφ, we must add a small imaginary
number±iǫ to the energy denominator, as in the sattering problem. In this way, we obtain a
retarded (advaned) Green's funtion orresponding to the −iǫ (+iǫ) presription. However,
only the real part of this Green's funtion gives a non-vanishing response funtion. The real
part is equivalent to the average of retarded and advaned ones
G¯(F)(~x, ~y) =
∑
L,S,J,MJ ,T,MT
δLST (mNpF)
× jL(pFr<)nL(pFr>)Y†MJJLS (Ωx)YMJJLS(Ωy)χ†MTT χMTT , (37)
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where pF is the relative momentum of the nal state and nL(pFr) is the spherial Neumann
wave funtions.
Illustrative results for the plane wave alulation are given in Figs. 3 and 5. We note
that, in omparison with the omplete, oupled hannel potential model omputation (see
below), use of the plane wave Green's funtion overestimates the degree of parity-mixing
in the deuteron ground state. For parity-mixing in the sattering states, we also nd a
mismath between the two approahes, though no systemati pattern emerges as to the
magnitude or sign of the dierene. The problem may be partiularly severe for the
3
S1 and
3
D1 sattering states whih, in the plane wave approah, are not automatially orthogonal
to the deuteron wave funtion |D〉. Although one might attempt to solve this problem by
implement orthogonality by hand, viz,
|3S1,3D1〉⊥ = |3S1,3D1〉 − |D〉〈D|3S1,3D1〉 , (38)
it is questionable whether this ad ho solution is rigorously orret. For these reasons, then,
we rely only on the oupled hannel potential model omputation to determine the nulear
PV ontribution to the inelasti asymmetry.
B. Potential Model Calulation
Although the NN potential determined diretly from solving QCD is not available, a
variety of modern phenomenologial potentials suessfully t NN sattering data (below
350 MeV or so) as well as deuteron properties with reasonable χ2 values. Here, we use the
Argonne V18 potential (AV18) [21℄.
The PC sattering wave funtion,
〈~r|E,L, S, J,MJ , T,MT 〉 =
√
2mNk
π
uJLS(r)
r
YMJJLS χMTT , (39)
where u(r) denotes the radial wave funtion; k =
√
mNE; and the overall onstant is xed
by the normalization ondition 〈E ′...|E...〉 = δ(E ′ − E)..., is determined by solving the
Shrödinger equation. This task is eventually redued to integrating a one-dimensional
dierential equation for the radial omponent and solving for the phase shift. However, due
to the tensor fore, for J > 0, states having quantum numbers (L, S, J) = (J − 1, 1, J) and
(J + 1, 1, J) are oupled, requiring that one solve a oupled set of dierential equations.
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The normalization for radial wave funtions are xed by their asymptoti forms. For the
unoupled hannel problem, one has
uJLS(r →∞) = r sin(kr + Lπ/2 + δJLS) , (40)
where δJLS denotes the phase shift. For the oupled hannel problem, the onvention intro-
dued by Blatt and Biedenharn (BB) [22℄, with two eigenphases shifts δ
(1)
J , δ
(2)
J and a mixing
parameter ǫJ , is adopted.
4
The two orthogonal, real solutions are
 u(1)L=J−1
u
(1)
L=J+1

 (r →∞) = r

 cos ǫJ sin(kr + (J − 1)π/2 + δ(1)J )
sin ǫJ sin(kr + (J + 1)π/2 + δ
(1)
J )

 , (41)

 u(2)L=J−1
u
(2)
L=J+1

 (r →∞) = r

 − sin ǫJ sin(kr + (J − 1)π/2 + δ(2)J )
cos ǫJ sin(kr + (J + 1)π/2 + δ
(2)
J )

 . (42)
It should be noted that while we will still refer to solution 1(2) as
3[J − 1]J(3[J +1]J) state,
it ontains a omponent involving the other hannel. We have veried our alulations by
reproduing the experimental phase shifts.
The deuteron wave funtion,
〈~r|D,MJ〉 =
{
u(r)
r
YMJ101 +
w(r)
r
YMJ121
}
χ00 , (43)
is obtained by solving the eigenvalue problem for binding energy EB and D/S ratio. The
asymptoti and normalization onditions are
u(r ≪ 1) ∝ r , u(r ≫ 1) ∝ r k0(γr) (44)
w(r ≪ 1) ∝ r3 , w(r≫ 1) ∝ r k2(γr) (45)∫
dr [u2(r) + w2(r)] = 1 . (46)
Although one an follow a similar strategy and obtain the PV wave funtions by the
Green's funtion method mentioned in previous subsetion, it is not straightforward to do
so; the unperturbed wave funtions are too omplex to allow one to obtain analytial results
4
The nulear bar onvention, dened in Ref. [23℄, is more ommonly used in literature. However, the
phase parameters of these two onventions are totally interhangeable. The reason for our hoie is that
all the wave funtions are purely real in BB onvention.
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as in the ase of plane waves. Therefore, following the same approah as in Ref. [9℄, we
diretly solve the inhomogeneous equation, Eq. (33).
The basi idea is to solve the problem twie, one with the soure term o (thus a
homogeneous equation as solving the PC wave funtion) and then with the soure term
on. A general solution for the inhomogeneous equation, ψ˜g, an be expressed as a linear
ombination of solutions for the homogeneous equation, alled the omplimentary solutions,
ψ˜c(i), plus the partiular solution, ψ˜. Therefore, in order to obtain the partiular solution,
ψ˜ = ψ˜g −
∑
i
αiψc(i) , (47)
the omplimentary part has to be fully subtrated. Thus, we must determine αi, i = 1...N,
N being the number of oupled equations.
In the ase of solving sattering wave funtion, the asymptoti behaviors of both ψ˜g and
ψ˜c an be expressed as linear ombinations of inoming and outgoing spherial waves. While
the interations ause phase shifts of outgoing waves, the inoming waves are not altered.
This observation tells us that, ψ˜, the parity-mixed omponent indued by the PV NN
interation, should not ontain any inoming omponent. Using this result, αi are solution
when the inoming wave omponents of ψ˜g and ψ˜c(i) ompletely anel in Eq.(47).
Exept for
1S0 and
3P0, whih an only be mixed into eah other, all the other unoupled
states,
1,3LJ=L ould have mixtures from
3[L − 1]L and 3[L + 1]L states. For the oupled
states,
3[L = J − 1]J and 3[L = J + 1]J , both mix to 1,3JJ . If the mixture is an unoupled
state, and we have
ψ˜c → a e−i(kr−Lpi) + b ei(kr−Lpi) , (48)
ψ˜g → c e−i(kr−Lpi) + d ei(kr−Lpi) , (49)
then
ψ˜ = ψ˜g − c
a
ψ˜c . (50)
When the mixtures are oupled, a two hannel alulation is needed. If one has
ψ˜c(i = 1, 2) →

 a(i, 1)e−i(kr−(J−1)pi) + b(i, 1)ei(kr−(J−1)pi)
a(i, 2)e−i(kr−(J+1)pi) + b(i, 2)ei(kr−(J+1)pi)

 , (51)
ψ˜g(i = 1, 2) →

 c(i, 1)e−i(kr−(J−1)pi) + d(i, 1)ei(kr−(J−1)pi)
c(i, 2)e−i(kr−(J+1)pi) + d(i, 2)ei(kr−(J+1)pi)

 , (52)
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then
ψ˜ = ψ˜g(1)− α1(1)ψ˜c(1)− α2(1)ψ˜c(2) , (53)
= ψ˜g(2)− α1(2)ψ˜c(1)− α2(2)ψ˜c(2) , (54)
with 
 α1(i)
α2(i)

 =

 a(1, 1) a(2, 1)
a(1, 2) a(2, 2)


−1
 c(i, 1)
c(i, 2)

 . (55)
Note that all the oeients here are omplex. This implies that the mixed wave funtions
are also omplex. However, in our framework, only the real part will ontribute to the
response funtion W PV (γ) and, thus, to the asymmetry.
Various riteria exist for testing the numerial solutions: i) they should satisfy the dier-
ential equation, ii) they should be independent of the initial onditions used to integrate the
dierential equation, iii) they should be proportional to the soure term, i.e., if the soure
term doubles, the solution should also double. These onditions are employed to make sure
we obtain the orret solutions.
As for the parity admixture of deuteron, it is determined using the same proedure.
Sine one is dealing with a bound state however, the asymptoti behavior is given by a
linear ombination of modied spherial Bessel funtions, iL and kL. The physially realisti
solution is obtained by ompletely subtrating the iL omponent, beause it exponentially
diverges.
IV. RESULTS AND DISCUSSION
First, we ompare the two approahes disussed in Setion III. Fig. 3 shows an example
of the omparison between the plane wave sattering states and the ones obtained from
the potential model alulations (in our ase, it is AV18). Though at Erel = 1 MeV, the
3P0 solutions look almost the same, the plane wave
1S0 state diers from the more realisti
solution by a large phase shift as well as in its radial shape at small distanes. Note that the
latter dierene is important beause the PV NN interation is very sensitive to the short
range behavior of wave funtions. Therefore, the plane wave approximation is not adequate.
Fig. 4 shows the PV mixtures for these
1S0 and
3P0 states,
3P0 and
1S0 respetively. They
are similar to the results of Ref. [9℄, whih were obtained by using Reid soft-ore potential,
17
0 10 20 30 40 50
r (fm)
-6
-4
-2
0
2
4
6
u
(r)
(a)
1S0 hannel
0 10 20 30 40 50
r (fm)
-6
-4
-2
0
2
4
6
u
(r)
(b)
3P1 hannel
Figure 3: Comparison of sattering state wave funtions: dashed lines give the plane wave solutions
and solid lines give results of the potential model alulations using AV18. The relative np energy
is 1 MeV.
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Figure 4: PV admixtures for the sattering states in Fig. 3, obtained by solving the inhomogeneous
dierential equations.
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Figure 5: PV admixtures of deuteron: dashed lines are results using the plane wave Green's funtion
and solid lines are alulations using AV18.
but slightly dier in magnitudes. For the deuteron mixing, the
1P1 state is indued only
by ρ and ω exhanges (∆T = 0), while the 3P1 is indued dominantly by the π exhange;
both results are plotted in Fig. 5. Also shown by the dotted lines in the same gure are the
solutions of the plane wave Green's funtion. Though these urves are similar in shape, the
potential model alulation gives smaller amplitudes and dierent small-r radial dependene
than plane waves. From now on, we only present results from the potential model alulation
whih is more realisti.
As the impat of G
(e) (T=1)
A on ALR is more important at bakward angles, we rst ex-
amine the extreme ase: θ = 180◦. Subsequently, we present results relevant to SAMPLE
kinematis. The maximum Q2 we onsider is 0.15 (GeV/)2, and the saturation behavior
shown in Fig. 6 justies trunation of the sum over nal sattering states at total angular
momenta Jf ≤ 7.
Fig. 7 indiates how the bakward angle ross setion and asymmetry vary with Q2,
ranging from 0.01 to 0.15 (GeV/c)2 at the QE peak. It is lear that the asymmetry due
to two-body hadroni PV (plotted with a magniation of 100) is insigniant ompared
with the ontribution of tree-level Z0-exhange plus radiative orretions, whih inludes
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Figure 6: The saturation behavior of total ross setion and asymmetry as funtions of Jmax, the
maximum total angular momentum for nal states being inluded.
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Figure 7: The total ross setion and PV asymmetry versus Q2, where the kinematis are on-
strained to satisfy q2 = 2mNω and θ = 180
◦
. Note in (b), the hadroni PV ontribution is
multiplied by 100; it does not atually ross the Z0 term in this Q2 range.
nuleon anapole eets. The urve for Z0-exhange asymmetry, plotted using the stati
approximation result in Ref. [1℄ with parametrized nuleon form fators, shows the expeted
proportionality to Q2. The urve for hadroni PV shows a 0.05% orretion to A
(Z)
LR at
20
Q2 = 0.1 and a 0.3% orretion at Q2 = 0.04. We note that these results are onsistent with
simple saling arguments as Eq. (30). Although there is some enhanement for A
(γ)
LR as Q
2
dereases, even at Q2 ∼ 0.01, near the threshold for QE kinematis, the orretion is less
than 5%.
A detailed breakdown of various hadroni PV ontributions is shown in Fig. 8. The
deuteron mixing, rather insensitive to the Q2 of the explored region, is the dominant on-
tribution for Q2 ≥ 0.03. Its orretion to A(Z)LR at Q2 = 0.1 is approximately 0.1%, and
0.3% at Q2 = 0.04. These values are onsistent in the order of magnitude with the results
of Ref. [10℄, whih used Bonn potential to alulate the PC wave funtions and the plane
wave Green's funtion to alulate the parity mixture in deuteron. On the other hand, the
nal state mixing and PV meson exhange urrents, though omparatively smaller, do have
a ombined ontribution whih ould be as large as half of the ontribution from deuteron
mixing for Q2 ≥ 0.03. They are also more sensitive to Q2 and beome important when
approahing the QE threshold.
Away from the QE peak, the dependene of the ross setion and asymmetry on nal
eletron energy are shown in Fig. 9 for 194 and 120 MeV beams. Sine the sattered
eletrons are deteted via the erenkov radiation (the threshold is about 20 MeV), sattered
eletrons with E ′e . 150 and 100 MeV, respetively, are deteted. However, judging from
the ross setion plot, only regions about peak energy ± 20 and 10 MeV, respetively, are
important for these two ases. When these asymmetries are further plotted as ratios to
A
(Z)
LR , as shown in Fig. 10, we observe that the orretion ould beome as large as a few
perent. Notie, however, that the orretions hange sign roughly when rossing the QE
ridge. Hene, orretions from these two regions anel after integration, thereby, keeping
the total orretion small. A similar feature was also found in the alulation of Ref. [24℄,
where PC two-body eets were onsidered.
The setup of SAMPLE experiments atually over the angular range from 130◦ to 170◦,
the average angles of the detetors are: 138.4◦, 145.9◦, 154.0◦, and 160.5◦ [25℄. The orre-
sponding ross setions and asymmetries are plotted in Fig. 11. The general trend is that
when the angle gets smaller, the ross setion beomes larger and the asymmetry beomes
smaller. However, the overall behaviors are not too dierent from the θ = 180◦ ase.
Summarizing these observations, we onlude that the two-body hadroni PV eets in
QE e-d sattering are negligible. However, the situation hanges in the kinemati region of
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Figure 8: The breakdown of various hadroni PV ontributions to the asymmetry at QE kinematis,
where D, F, and MEC refer to ontributions from deuteron mixing, nal state mixing, and PV meson
exhange urrents, respetively, and the solid line gives the total.
threshold disintegration as shown in Fig. 12. At Q2 ∼ 10−4(GeV/c)2, these two are om-
parable
5
, and hadroni PV dominates when moving toward lower Q2 region. Here again,
the magnitude of Q2 at whih the hadroni PV and Z0-exhange ontributions are om-
mensurate is roughly what one would expet based on the simple saling arguments of Eq.
(30). The detailed breakdown given in Fig. 13 shows that the nal state mixing has the
most important ontribution and that PV meson exhange urrents are also signiant. The
deuteron mixing, still rather independent of Q2 evolution, beomes negligible. We also point
out that while our alulation in this kinemati region is onsistent with Hwang et al.'s [9℄
at Q2 ≥ 0.0001 GeV2/c2 , we obtain larger asymmetries as one approahes the threshold
region. The reason is that we use a potential (AV18) whih has a muh softer ore than the
Reid soft-ore potential. Thus, the behavior of the wave funtion at low energy and small
5
The Z0 asymmetry is plotted using the same formula from the stati approximation. Although there are
also two-body eets, the Q2-dependene still governs the overall behavior.
22
0 20 40 60 80 100 120 140 160
Ee’ (MeV)
0
1
2
3
4
dσ
/d
Ω
dE
e’
 (n
b/s
r-M
eV
)
194 MeV
120 MeV
(a) Cross setion
20 40 60 80 100 120 140 160
Ee’ (MeV)
-10
-8
-6
-4
-2
0
2
4
6
A
LR(γ
)  (×
10
-
8 )
★
★
120 MeV
194 MeV
(b) Asymmetry
Figure 9: The total ross setion and two-body hadroni PV asymmetry versus eletron nal energy,
for 194 and 120 MeV inident beams and 180
◦
sattering angle. The asterisk denotes the position
of the QE peak.
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Figure 10: The ratio of asymmetry due to two-body hadroni PV and Z0- exhange, versus nal
eletron energy. Both kinematis are the same as in Fig. 9.
distane is important for studies of hadroni PV at threshold, inluding experiments like the
photo-disintegration of deuteron, radiative neutron apture, and neutron spin rotation.
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Figure 11: The same plots as Fig. 9 with four average detetor angles of SAMPLE experiments:
(a) 160.5◦, (b) 154.0◦, () 145.9◦, and (d) 138.4◦. The left panels are for the Ee = 194 MeV and
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ase.
V. CONCLUSIONS
The theoretial analysis of PV eletron sattering asymmetries requires that one take into
aount eets whih may, in priniple, loud the intended interpretation of an experimental
result. In this study, we have analyzed the eets of parity violating NN interations whih
give rise to a non-vanishing inelasti eD asymmetry at the photon point. Our results indiate
that for the QE kinematis relevant to the SAMPLE experiment, these eets generate a
negligible ontribution to the PV asymmetry. Moreover, ontributions arising from eah side
of the QE peak produe anellations when integrated over detetor aeptanes, thereby
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Figure 12: The asymmetries due to hadroni PV and Z0exhange versus Q2 in the threshold
eletro-disintegration region, with small, xed np relative energies.
generating an additional suppression of the nulear PV ontamination. From this stand-
point, then, the PV QE asymmetry provides a theoretially lean environment for studying
eletroweak nuleon form fators, suh as G
(e) (T=1)
A (Q
2). On the other hand, PV eets in
the threshold region an beome dominant, with asymmetries as large as a few ×0.1 ppm.
Hene, near-threshold eletro- or photo-disintegration of the deuteron ould provide a tool
for probing the PV NN interation.
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